This paper reports on the potential of the electrospun alginate nanofibre membranes to be used for the bio-sorption of heavy metals from aqueous solutions. Poly(ethylene oxide) (PEO) and its blends were electrospun at an applied voltage of 1-1. 
Introduction
One of the major problems of this century is the environmental pollution resulting from industrial activities such as metal finishing, mining, electroplating, painting, dying, photography, surface treatment, and printed circuit board manufacture [1] [2] [3] [4] . These activities release large quantities of heavy metals into the environment, which poses a threat to the whole ecosystem (terrestrial and aquatic environments) [5] . The persistence of the metal ions in the ecosystem and their non-biodegradability necessitates suitable and cheaper alternative methods for their removal [1, 4] . Various techniques have been employed for this purpose, including chemical precipitation, reverse osmosis, electro-dialysis, membrane separation and solvent extraction [5, 6] . These techniques are usually associated with high cost and energy, and some are time consuming [5] .The adsorption method is considered as one of the most effective methods due to its simplicity, high efficiency, economic feasibility, easy recovery and reuse of the adsorbents [3] .
There are two main mechanisms associated with the adsorption method, namely physisorption or chemisorption. In most cases both these mechanisms are involved during adsorption. The most important properties of any adsorbent are a large surface area and the availability of functional groups. A number of researchers investigated nanofibre membranes as adsorbents of heavy metal ions from various sources [7] [8] [9] [10] [11] . Nanofibre membranes prepared by electrospinning are especially important due to their unique properties such as large surface area to volume ratio, high porosity, and malleability [4, 12] . Haider and Park [13] prepared electrospun chitosan nanofibre membranes for the adsorption of copper (Cu(II)) and lead (Pb(II)). They reported that the data fitted the Langmuir model well, with a monolayer adsorption capacity for Cu(II) of 485.44 mg g -1 and for Pb(II) of 263.15 mg g -1 . According to the authors these values were 6-10 times higher than the values of chitosan microspheres reported in the literature.
A wide variety of low cost adsorbents such as algae, alginate, chitosan, fungi, peanut husks, and lignin were studied to evaluate their potential as viable alternatives to the mostly used expensive adsorbents such as activated carbon [14] . Among these adsorbents, alginate received considerable interest due to its potential to gel when it comes in contact with metal ions. This property has been exploited to adsorb different metal ions from aqueous media [3, 5, 15, 16] . Alginate is one of the most abundant polysaccharides, usually extracted from seaweeds (brown algae), and it is composed of mannuronate (M) and guluronate (G) acid 3 residues. These residues may vary in sequence and M/G ratio along the polymer, depending on the species and the nature of growth.
To our knowledge there is no study based on electrospun alginate nanofibres as metal adsorbent. The aim of this study was therefore to prepare calcium alginate nanofibre membranes by electrospinning and to investigate its application as an adsorbent for the removal of copper, a model metalloid from aqueous solutions. The effect of contact time, initial metal concentration, and temperature were evaluated to find the optimal conditions for maximum metal adsorption capacity. The electrospinnability of alginate from its aqueous solution is still a problem, and poly(ethylene oxide) PEO was therefore used to facilitate its spinnability.
Experimental

Materials
Sodium alginate (SA) (Sigma, viscosity (25 °C, 2 wt% aqueous solution) = 2000 cP, medium viscosity, Mw = 100 kDa), poly(ethylene oxide) (PEO) (Sigma, Mw = 2000 kDa) and copper sulphate (CuSO4) (Ibhayi Suppliers).
Preparation of PEO/alginate nanofibre membranes
Sodium alginate (SA) and PEO were separately dissolved in deionized water for 24 hours to ensure complete dissolution. The SA (3 wt%) and PEO (3 wt%) aqueous solutions were mixed at a 1:1 ratios and stirred for an additional 4 hours to ensure homogeneity. The alginate solution was aged in an environmental chamber (Binder GmBH) set at a temperature of 23 ± 2 °C and a humidity of 60 ± 5% for 30 days, which improved the electrosinnability of the solutions. Aliquots of the alginate solution were removed at 5 day intervals and mixed with freshly prepared PEO solutions. The mixtures were stirred for 4 hours and then electrospun.
Mixtures of freshly prepared alginate and PEO blend solutions were stored under the same conditions as the aged solutions. Aliquots were also removed at 5 day intervals and electrospun. The electrospinning solution flow rate was 0.8 mL hr -1 . A high voltage of 22 kV was applied to generate electric fields between the tip of the needle capillary and collector over a distance of 17 cm. The obtained bead-free nanofibres were further crosslinked using CaCl2 solution at ambient conditions. The nanofibres were soaked in 80% ethanol for 5 min 4 and rinsed with 2 wt% CaCl2 solution in ethanol for 10 min. The nanofibres were incubated in an aqueous solution of CaCl2 for an hour, and then immersed in deionized water for another hour. The CaCl2 treated membranes were then rinsed with deionized water, followed by washing with absolute ethanol, and dried at room temperature. In the rest of the paper these membranes are designated CaA.
Characterization
A Crison CM 35 conductivity meter and a Brookfield DV-II viscometer were used to measure the conductivity and viscosity of the SA and PEO/SA blend solutions.
The IR spectra of the electrospun nanofibres were obtained in a Perkin Elmer Spectrum 100 FTIR spectrometer equipped with an attenuated total reflection (ATR) accessory with a diamond/ZnSe crystal. The ATR-FTIR spectra were obtained at room temperature with the wavenumber ranging between 500 and 4000 cm -1 , using 16 scans and 4 cm -1 resolution.
The thermal stability of the nanofibre membranes were analysed with a Perkin Elmer TGA7 thermogravimetric analyzer. Samples with masses in the range of 10 to 20 mg were heated under a nitrogen flow of 20 ml min -1 from 30 to 600 ºC at a heating rate of 10 ºC min -1 , and the corresponding mass loss was recorded.
The morphologies of the electrospun nanofibres were determined by an FEI Quanta 200 scanning electron microscope (SEM). About 100 readings per sample were taken to measure the average fibre diameter. The specific surface area, as well as pore size and volume, were determined using the Brunauer-Emmett-Teller (BET) method.
Batch adsorption experiments
The copper (Cu(II)) adsorption onto the electrospun alginate nanofibre membranes was studied under different contact times, concentrations, pH and temperatures. Tests solutions were prepared by dissolving CuSO4 in deionized water. The electrospun alginate nanofibre membranes (~0.25 g) were placed in the 50 mL metal ion solutions of different concentrations ranging from 0 to 1000 mg L -1 . The concentrations of heavy metal ions in the adsorption medium were measured using atomic absorption spectroscopy (Varian Spectra AAS 220Z).
The amount of the adsorbed metal ions, Qe (mg.g -1 ), was calculated using Equation 1.
where Qe (mg g -1 ) is the amount of metal adsorbed on the adsorbent at equilibrium, C0 (mg L The removal percentage (%) of metal ion from aqueous solution at different initial concentrations was calculated using Equation 2.
For the adsorption experiments, the electrospun alginate membrane (0.25 g) was placed in a stoppered conical flask (100 ml) kept in a continuously stirred silicon oil bath (150 rpm)
at a fixed temperature (25, 40 or 60 °C) for 3 hours.
The nanofibres were regenerated by washing with ethylenediaminetetraacetic acid (EDTA) and then rinsed with deionized water followed by drying in a vacuum oven at 60 °C.
To evaluate the selectivity of the electrospun alginate nanofibre membrane, a multicomponent solution containing 100 mg L -1 each of Cu(II), Cd(II), Ni(II) and Co(II), and with a pH of 4, was prepared. The electrospun nanofibre membrane (0.25 g) was placed in a stoppered conical flask (100 ml) stirred continuously at 150 rpm for 3 hours. The removal percentage was calculated using Equation 2.
Results and discussion
Electrospun alginate nanofibre membranes
Although electrospinning has been proven to be a feasible and a simple technique to consistently produce long nanofibres from different polymers, its applicability to produce beadless nanofibres is determined by voltage, tip-to-collector distance, feeding rate, solution concentration and viscosity. Table 1 shows the properties of SA, PEO, a freshly prepared PEO/SA blend, and the blends aged under controlled environmental conditions. As expected, PEO, a non-ionic polymer, showed very low conductivity and a moderate viscosity compared to pure alginate due to the absence of charged groups along the PEO chains. SA displayed 6 both high conductivity and viscosity that can be ascribed to its inherent anionic polyelectrolytic character and the strong inter-and intramolecular forces [16] . Mixing of SA and PEO increased both the viscosity and conductivity 4 and 22 fold, respectively. The solution viscosity of the aged PEO/SA blend decreased gradually with an increase in the number of storage days. This can be related to the aqueous hydrolysis of alginate which causes the fractionation of the glycosidic bonds and results in a significant decrease in viscosity [17, 18] . These glycosidic bonds serve as a strong intra-and intermolecular network between the alginate chains. The conductivity of the aged blend solutions slightly increased with storage time. This may be due to some dissociated ions from the alginate chains during storage which contributed to the overall conductivity of the solution. We also found that the viscosity of the solutions played a major role in controlling the morphology of the resulting electrospun nanofibres. A freshly prepared blend of alginate and PEO (stirred for 4 hours followed by spinning) yielded droplets on the collector (Table 1) .
However, when the PEO/alginate blend solutions were stored for a certain period under controlled environmental conditions, the morphology of the fibres improved, especially after 10 days ( Figure 1 , Table 1 ). It is clear from Figure 1 that the electrospinnability was improved from an electrospraying phenomenon that produced droplets, to an electrospinning process that yielded beaded and bead-free nanofibres for the aged samples. Although there was no particular trend in the morphology of the stored electrospun nanofibres, bead-free nanofibres 7 were obtained after 15 and 20 days' ageing ( Figures 1c and 1d ), whereafter beaded nanofibres were obtained for longer ageing periods (Figures 1e and 1f ). Bhattarai and Zhang [18] reported that 15 days was the optimum storage time (at ambient conditions) for a PEO/alginate blend to produce bead-free nanofibres. Though they related this phenomenon to a significant reduction in the viscosity of the solutions, which is also reflected in Table 1 days (Figures 2a to 2c) . From 20 days, only droplets were collected (Figure 2d ). This is probably due to a drastic decrease in viscosity of the alginate solution and a lack of strong interaction between the PEO and SA. and 960 cm -1 corresponding to CH2 rocking and twisting [19] . The addition of alginate into PEO showed new peaks corresponding to alginate at 3358 cm -1 (OH stretching), 1602 cm -1
(COO -asymmetric stretching), 1410 cm -1 (COO -symmetric stretching) [18, 20] . The OH and COO -stretching peaks shifted from 3358 to 3256 cm -1 and 1602 to 1596 cm -1 , respectively. This is probably due to the interaction that occurred between the carboxyl and hydroxyl groups of alginate and the ether group of PEO through hydrogen bonding. After washing with aqueous calcium solution, all the peaks associated with PEO disappeared. This is attributed to the dissolution of PEO in water during ionic crosslinking.
The TGA curves of PEO, PEO/SA blend and calcium alginate (CaA) are shown in Figure 3b . PEO shows a single degradation step around 400 °C, while the blend shows three degradation steps. The first mass loss below 100 °C can be related to the evaporation of water.
The second step can be associated with thermal degradation of alginate, while the third corresponds to the thermal degradation of PEO. After washing the blend and crosslinking with calcium chloride (CaA), the degradation step corresponding to PEO was not visible (Figure 3b ). This is in agreement with the FTIR results and confirmed the complete removal of PEO from the blend.
The average pore size of in the fibres was determined as 215 nm, the surface area as 18.03 m 2 g -1 , and the average pore volume as 0.96 cm 3 g -1 , which indicates that the electrospun alginate membranes were macro-porous. 
Effect of pH
In this study, Cu(II) was selected as a model heavy metal to evaluate the adsorption capacity of the electrospun alginate membranes (CaA). One of the most valuable factors in metal adsorption is the solution pH since it influences the surface charge of the adsorbent, as well as the degree of ionization [6] . The difference between the metal uptake at low and high concentration maybe attributed to the availability of more Cu(II) ions at higher concentrations, which compete towards the available binding sites on the adsorbent. In addition, the adjustment of the solution pH using NaOH may have impeded the uptake of Cu(II). Sodium hydroxide has a tendency to react with copper ions to form a precipitate; in this case it is possible that the NaOH would rather react with the Cu(II) ions to form Cu(OH)2 instead of the ions being adsorbed by the alginate, especially at higher pH and higher Cu(II) concentrations [21] . Consequently, an aqueous solution with a pH of 4 was used as an optimum medium throughout the study.
The effect of contact time
To study the effect of equilibration time for the electrospun alginate nanofibrous membranes, a solution with a concentration of 100 mg L -1 and a pH of 4, was utilized. For the first 30 minutes, the adsorption was approximately 37% and gradually increased with an increase in time until the 90 th minute ( Figure 5 ), and then levelled off after 120 minutes. Similar behaviour was reported by Aliabadi et al. [10] for the removal of different metal ions using electrospun PEO/chitosan nanofibres. They found that the equilibration time was 120 minutes. In contrast, Pandey et al. [6] reported that the equilibration time for calcium alginate beads was 7 hours. This could be related to the size of the beads compared to the electrospun alginate nanofibres that have large surface areas and high pore volumes. Therefore, 180 minutes (3 hours) was used throughout the study to ensure maximum adsorption.
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Adsorption isotherms
The Langmuir and Freudlich isotherms were used to predict the isotherm which best describes the mechanism occurring during the adsorption process. The Langmuir isotherm is often used to describe the adsorption of an adsorbate onto a homogeneous adsorbent, in which an adsorptive site can only be occupied once [23] . It is described by Equation 3. 
The performance of the adsorption behaviour can be predicted by the RL value which is calculated from the following Equation 5
[24]:
where C0 is the initial concentration and b is the Langmuir isotherm constant. If RL < 1, it expresses the fact that the adsorption is favourable under the experimental conditions, RL = 0 stipulates that the adsorption is irreversible, RL = 1 that the adsorption is linear and RL > 1 that the adsorption process is unfavourable. In this study, the results indicate that the RL values were less than zero, indicating a favourable adsorption ( Table 2 ), confirming that the equilibrium isotherms can be described by the Langmuir method. The adsorption of Cu(II) onto the electrospun alginate membrane at 25, 40, and 60 °C fitted the Langmuir isotherm quite well ( Figure 6 ). All the plots of Ce/Qe versus Ce gave linear graphs for all the experimental conditions used in this study. The correlation coefficient (R 2 ) and Langmuir constants (Q0 and b) were determined from the graphs and are listed in Table 2 . The b value is related to the affinity of the adsorbate forthe adsorbent [18] . At all the temperatures the b value was too small, which indicates that the Cu(II) had a weak affinity for electrospun alginate membranes. This may be due to the presence of the Ca(II), used to crosslink the electrospun alginate nanofibres, occupying most of the available binding sites. In addition, NaOH was used to adjust the pH during the solution preparation, leading to some reactions between Na and Cu(II) ions and thereby impeding the adsorption of Cu(II). The maximum monolayer adsorption capacity (Q0) value decreased with an increase in temperature. This 14 could be due to the swelling of the alginate nanofibres which caused a blockage of the inner pores of the membranes and impeded the diffusion of the metal ions.
Figure 6 Linearized Langmuir isotherms for the adsorption of Cu(II) onto electrospun alginate membranes
The Freudlich model is usually used to describe the adsorption of the adsorbate onto a heterogeneous surface of an adsorbent [23] . The Freudlich adsorption isotherm is given in
where KF ((mg g -1 ) (mg L -1 )) is a Freudlich constant for a particular adsorption isotherm and n is the dimensionless Freudlich constant related to the adsorption intensity. The linearized
Freudlich model was used in this study to fit the adsorption data. Mathematically, the linearized Freudlich is expressed in Equation 6 .
In the case of Freudlich model, all the R coefficient values (R < 0.92) were lower than the ones displayed by the Langmuir model (R < 0.98) ( Figure 7 , Table 2 ). This indicates that the Langmuir model better fitted the equilibrium data of Cu(II) ions than the Freudlich model.
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The suitability of the Langmuir isotherm compared to the Freudlich isotherm implies that monolayer adsorption was prevalent under the experimental conditions. Table 3 shows the reported adsorption data of Cu(II) ions on various adsorbents. Based on these findings, the electrospun alginate membrane (CaA) showed a metal adsorption capacity comparable to or higher than some other types of adsorbents without any further functionalization or optimization, and therefore the CaA electrospun nanofibres have the potential to be used for wastewater treatment. 
Regeneration of electrospun alginate (CaA) membranes
The regeneration of the adsorbent is of significance for the long-term use, especially for commercial applications. We regenerated the electrospun alginate nanofibres five times using 0.1 M of EDTA. The adsorption/desorption cycles were performed using a Cu(II) solution with a concentration of 100 mg L -1 , a pH of 4 and a temperature of 25 °C. There was a very slight decrease in adsorption capacity from the first to the fifth cycle ( Figure 8 ). This could be related to the loss of the adsorbent shape/structure during washing and drying, which caused a deformation in the morphology and thereby reduced the porosity of the electrospun alginate membranes ( Figure 9 ). The washing with EDTA caused the fibres to swell and fuse with each other, destroying the pores in the membrane (compare Figures 9a and 9b) . This reduced the porosity of the membrane by blocking the interior pores which resulted in a gradual decrease in adsorption of the membrane, because of an increase in the number of desorptions.
Electrospun alginate nanofibrous membranes from seaweeds can be reused without a significant loss in adsorption capacity. 
Competetive adsorption
The competitive adsorption of the metals in a multicomponent solution containing four metal 
Conclusions
PEO/SA blends were successfully electrospun after their storage under controlled conditions.
The storage conditions were found to play a significant role in the degradation of the alginate, which in turn influenced the electrospinnability of the nanofibre blends. Similar to previous reports, this study proved that environmental conditions are one of the critical parameters that influence the electrospinning process. In this case, the optimal number of storage days ranged between 10 and 20, and both a reduction inviscosity and the formation of a large number of carboxylate groups contributed in facilitating the electrospinning process of the alginate nanofibre blends. It was further found that not only viscosity played a major role in the morphology of the resulting alginate nanofibres, but also the interactions between PEO and the alginate which further improved over time.
The adsorption studies showed that the electrospun calcium alginate nanofibrous membranes, with large surface areas and the presence of both carboxyl and hydroxyl groups, were efficient in the removal of copper ions from aqueous solutions. The membrane showed a maximum metal adsorption capacity of 15.6 mg g -1 at 25 °C and a pH of 4, and it maintained a reasonable metal adsorption capacity over five recycling intervals. The competitive adsorption of the metal ions followed the order Cu > Ni > Cd > Co which was in line with hard-soft-acid-base theory. Therefore, the electrospun alginate nanofibrous membranes proved to be a suitable material for potential application in wastewater treatment.
